Structural optimization for heteronuclear clusters consisting of one alkali-metal ion and of up to 79 neutral rare gas atoms has been carried out. The basin-hopping Monte Carlo minimization method of Wales and Doye is used. Rare gas atoms interact with the Lennard-Jones potential, whereas the interaction between a neutral atom and an ion impurity is given by the Mason-Schamp potential. Starting from eight rare gas atoms the alkali-metal ion is always inside a cluster.
Introduction
Rare gas clusters are important and often studied aggregates of atoms [1] . Their mass spectra show the presence of magic numbers which correspond to the most stable geometrical structures [2] . Because of the simple form of van der Waals chemical bonding rare gas clusters are very suitable for theoretical studies. For each cluster size different isomeric structures exist. They are local minima in the multi-dimensional potential energy surface. The number of these isomers increases rapidly with the size of a cluster. Several methods of a search for global minima were invented [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . When the size of clusters increases it becomes more difficult to find the lowest minimum on the po-E-mail address: goranka@email.hinet.hr (G. Bilalbegović). tential energy surface. Optimization methods locate only the candidate for a global minimum.
The problem of interaction between various clusters and impurities generated intensive research [15] [16] [17] [18] [19] [20] . For example, impurities in helium nanoparticles were studied [15] . One goal was to determine whether impurity ions, atoms, or molecules preferably reside in the interior of the cluster, or on its surface. In general, the impurities substantially perturb the cluster matrix. It was found that a single metal atom drastically modifies the properties of silicon clusters [16, 17] . Therefore, it is interesting to explore the shape deformation and the energy change induced by impurities. In this context rare gas clusters are especially interesting. They are inert and could play a role of the nanoscale chemical laboratory. A global optimization is one of theoretical methods suitable for investigation of the impurity-cluster interaction.
The most successful methods of global optimization for clusters are genetic algorithms [3] [4] [5] [6] and a basin-hopping method [7] [8] [9] [10] [11] [12] 14] . The genetic algorithm methods select a fraction of the initial population of relaxed cluster structures as "parents" using their energies as the criteria of fitness. The next generation of cluster structures ("children") is formed by "mating" these parents and the process is repeated until the minima are found. The basin-hopping approach of global optimization for clusters was developed by Wales and Doye [7] . This method uses the energy minimization and the Monte Carlo simulation. The potential energy is transformed to a new surface which has the form of a multi-dimensional staircase. The steps correspond to the basins of attraction surrounding energy minima [21] . Each basin of attraction contains the set of configurations which after geometry optimization generate a particular minimum. The basinhopping method is very powerful and, for example, finds all known energy minima for the Lennard-Jones clusters containing up to 110 atoms [7] . A similar method was used in the study of protein folding [22] . The Lennard-Jones nanoparticles play a role of the test system for global optimization methods. Moleculedoped rare gas clusters, in particular H 2 in Ar N [6] , Cl 2 in Ar N [10] , and NO in Ar N [11] , were also studied. In general, the clusters with impurities are less studied by optimization methods than homonuclear ones. A small perturbation, for example one impurity atom, or ion, in a cluster may shed light on the global minima formation. In addition, new morphologies in the set of cluster structures may appear for some impurities. The methods of global optimization produce the candidates for minima of the free energy only close to T = 0 K. At higher temperatures kinetics effects are important and may change the order of stability of cluster isomers.
In this work I present the results of structural optimization for model heteronuclear clusters consisting of one impurity ion and of up to N = 79 rare gas atoms. The Lennard-Jones and Mason-Schamp potentials are used to describe interactions. The basinhopping method is applied for structural optimization. The results show that an impurity ion is at the surface for a small number of rare gas atoms. It is always trapped in a cluster for N 8 atoms. As in homonuclear Lennard-Jones clusters, several particularly stable structures are found. In the following the computational method is described in Section 2. Results and discussion are presented in Section 3. A summary and conclusions are given in Section 4.
Computational method
The pairwise additivity and the spherical symmetry of the interaction for rare gas atoms are reasonably well described by the Lennard-Jones potential. This potential is one of the most used models of interaction. It is given by
where is the depth of the potential energy minimum, and 2 1/6 σ is the equilibrium pair separation [23] . The ∼ r −6 is the leading term in the dispersion energy interaction for neutral atoms. Mason and Schamp proposed the additional term ∼ r −4 to model the interaction of an ion and a neutral rare gas atom [24] . The Mason-Schamp potential is given by
The coefficients in this potential were determined from the ion mobility measurements in rare gases and calculations within the kinetic theory. Three parameters in algebraic form (2) specify the depth and position of the potential energy minimum, and the relative strength of various terms. The Mason-Schamp potential was used in the studies of impurities in rare gas crystals [25] . For example, the parameters of this potential for the Cs + -Xe system are: = 0.106 eV, σ = 3.88 Å, and γ = 0.2. Fig. 1 shows the Mason-Schamp and Lennard-Jones potentials. The Mason-Schamp potential was taken here in its reduced form as a model of a class of the alkali-metal ion and rare gas atom interaction. In the same sense the Lennard-Jones potential represents interaction between rare gas atoms in investigations of the global minima for homonuclear clusters [4, 5, 13] . The Lennard-Jones and Mason-Schamp potentials in the inset of Fig. 1 are drawn in reduced units where and σ are chosen as the units of energy and distance. In the calculations the total potential was modelled by a pairwise sum of potentials given by Eq. (1) for each rare gas/rare gas pair of atoms, and by Eq. (2) for each rare gas/ion pair of particles. For both potentials reduced units for and σ were employed. I used a basin-hopping method and a modified program gmin of Wales and collaborators [14] . The constant temperature Monte Carlo method based on the standard Metropolis scheme [26] is applied. Energy minimization is performed using the limited memory Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm for the unconstrained minimization problem [27] . For each cluster size five series of runs were done starting from different configurations. Each run consisted of 30 000 Monte Carlo steps at a constant reduced temperature of 0.8. Control runs for homonuclear Lennard-Jones clusters have been carried out, and the same global minima were found as by Wales and Doye [7] . For sizes N < 75, direct optimizations from random configurations were able to produce known minima for homonuclear Lennard-Jones clusters within less than 10 000 Monte Carlo steps. For N 75, additional effort was necessary, either the increase of the number of steps, and/or seeding with configurations derived from the best structures around a chosen cluster size. For both homonuclear and heteronuclear clusters the lowest-energy structures were found at different Monte Carlo steps in five series of runs. Sometimes, different lowest-energy structures were found in these runs. Differences between various runs were especially pronounced for N 75. Similar type of potentials are used for the atom-atom and atom-ion interactions and it is plausible that the same procedure is adequate for unknown energy minima of heteronuclear clusters. However, in heteronuclear systems the forces are determined not only by distances between particles, but their chemical identity is also important. In homonuclear clusters swapping the position of the particles does not change structural properties of the aggregate. For the system and the method presented in this work (where only one impurity particle, two similar potentials, and the Monte Carlo minimization method are used) the optimization tasks for homonuclear and heteronuclear clusters are analogous. In theoretical analysis of global optimization and NP-hard problems, the case of heteronuclear clusters is more difficult [28] .
Results and discussion
Figs. 2 and 3 show several configurations of an alkali-metal impurity in a rare gas cluster. This visualization is performed using the Rasmol package [29, 30] . It is found that all lowest-energy structures of heteronuclear clusters are compact. The spacial distributions of particles does not change much in comparison with homonuclear Lennard-Jones clusters. The ion-atom distance is smaller than the atom-atom one. The lengths of the bonds and the angles between them change slightly. The ratio of the numbers of the atomatom and ion-atom bonds increases with the cluster size. Therefore, a difference between corresponding homonuclear and heteronuclear clusters decreases when their size increases. The energy minima are presented in Table 1 .
The situation where the alkali-metal ion is at the surface of a cluster is shown in Fig. 2(a)-(f) . Figs. 2(f) and 2(g) present configurations around the transitional regime of the ion. In Fig. 2(f) the impurity ion is deeply buried in the surface of the cluster, and lies closer to its centre than one rare gas atom. The ion is in the interior of the cluster the first time for eight rare gas atoms, as shown in Fig. 2(g) . The impurity ion is also always in the cluster for more than eight rare gas atoms (Figs. 2(h)-(j) and 3) . When the alkali-metal ion is solvated by rare gas atoms it is not always situated in the centre of the cluster. For example, the impurity ion takes a non-central position in clusters shown in Figs. 3(b) -(d).
The energies per particle are presented in Fig. 4(a) . This quantity varies rather monotonically. However, mild minima occur for certain sizes and show particularly stable structures. This is further confirmed by the first energy differences ∆ 1 = E(N)−E(N −1) shown in Fig. 4(b) . Two minima at N = 13 and N = 55 correspond to well-known filled icosahedral shells. In addition, minima occur for N = 19, 39, 46, 49, 70, 79. These most stable structures of rare gas clusters with an alkali-metal ion are shown in Fig. 3 . Minima at N = 19, 46, 49, 70, 79 also exist for Lennard-Jones clusters (for example, see Fig. 4 in [5] ). However, in homonuclear Lennard-Jones clusters minimum exist for N = 38. Fig. 4(b) shows that for heteronuclear clusters corresponding minimum is N = 39. Shapes of N = 38 and N = 39 (see Fig. 3(c) ) heteronuclear clusters are similar to each other and to LennardJones N = 39. The Lennard-Jones N = 38 cluster is slightly more compact (see Fig. 1 in [12] ). A shape of the N = 39 structure shown in Fig. 3(c) is closer to the third lowest energy minimum of Lennard-Jones N = 38, than to the first and second one. In connection with the complex double-funnel energy landscape of the non-icosahedral 38-atom Lennard-Jones cluster [12] , it is interesting to point out that this magic size in heteronuclear nanoparticles is replaced by N = 39. Other non-icosahedral Lennard-Jones global minima occur for N = 75-77, and these clusters are Marks decahedra [7] . For clusters with the impurity ion, sizes N = 75-77 are decahedral in origin. As for icosahedral minima, these structures are distorted in comparison with homonuclear Lennard-Jones clusters. The flat region in Fig. 4(b) exist for 51 N 55. In these clusters the impurity ion is situated in the central position and the magic icosahedral N = 55 structure builds up. For homonuclear Lennard-Jones clusters a such flat region is 52 N 55 [5] , and it also corresponds to the filling of the magic N = 55 structure.
Conclusions
The global optimization based on a basin-hopping method is carried out to study structural properties of model nanoparticles consisting of one impurity alkali ion and a rare gas cluster. The catalog of energy minimum candidates for these clusters containing up to 80 particles is presented. It is found that the impurity ion is lying in the surface of a nanoparticle for a small , (e) 6, (f) 7, (g) 8, (h) 9, (i) 10, (j) 11 rare gas atoms. Light and dark balls correspond to the rare gas atoms and the alkali-metal ion, respectively. When the number of rare gas atoms is equal or greater than 8, the impurity ion is always inside the cluster. number of atoms. An alkali-metal ion is solvated by rare gas atoms when their number is greater or equal than eight. The predicted magic numbers 13, 19, 46, 49, 55, 70, 79 of heteronuclear clusters are the same as for homonuclear Lennard-Jones ones. The magic structure N = 39 of heteronuclear clusters replaces N = 38 of homonuclear nanoparticles. Therefore, a small perturbation, such as the presence of the closest alkali-metal ion neighbour from the periodic table, may change the list of magic sizes for rare gas clusters. The system studied in this work is useful as a test example for theoretical analysis of global optimization and NP-hard problems for heteronuclear clusters [28] . The methods of global optimization are helpful as a guide in low-temperature experimental studies of nanoparticles with impurities. 
